Abbreviations: PcaP, protocatechuate 4.5-dioxygenase; PsbAC, p-sutfobenzoate dioxygenase system comprising a reductase component (PsbC) and an oxygenase component (PsbA); TerZCtpR, terephthalate diaxygenase system comprising a reductase component (TerR) and a two-subunit oxygenase component (TerZap); TsaC, sulfobenzyl alcohol dehydrogenase; TsaD, sulfobenzaldehyde dehydrogenase; TsaME, p-toluenesulfonatc methyl monooxygenase system comprising a reductase component (TsaB) and an oxygenase component (TsaM).
Three multicomponent oxygenases involved in the degradation of ptoluenesulfonate and p-toluenecarboxylate and the regulation o f their synthesis have been examined in three strains (T-2, PSB-4 and TER-1) of Cornamonas testosteroni. Strain T-2 utilizes p-toluenesulfonate as a source of carbon and energy for growth via p-sulfobenzoate and protocatechuate, and ptoluenecarboxylate via terephthalate and protocatechuate, and ha5 the unusual property of requiring the reductase (TsaE) of the toluenesulfonate methyl monooxygenase system (TsaMB) in an incompletely expressed sulfobenzoate dioxygenase system (PsbAC) [Schlafli Oppenberg, H. R. , Chen, G., Leisinger, T. & Cook, A. M. (1995) . Microbiology 141, 1891-18991. The independently isolated C. testosferoni PSB-4 utilized only sulfobenzoate and terephthalate via protoeateehuate. Mutant TER-1, derived from strain T-2, utilized only terephthalate via protocatechuate. We detected no enzymes of the pathway from toluenesulfonate to sulfobenzoate in strains PSB-4 and TER-I , and Confirmed by PCR and Southern blot analysis that the genes (tsaMB) encoding toluenesulfonate monooxygenase were absent. We concluded that, in strain PSB-4, the regulatory unit encoding the genes for the conversion of toluenesulfonate to sulfobenzoate was missing. and that generation of mutant TER-1 involved deletion of this regulatory unit and of the regulatory unit encoding desulfonation of sulfobenzoate. The degradation of sulfobenzoate in strain PSB-4 was catalysed by a fully inducible sulfobenzoate dioxygenase system ( PsbAC, , , , ) , which, after purification of the oxygenase component (PsbA,,), turned out to be indistinguishable from the corresponding component from strain T-2 (PsbA, , ).
Reductase P s b C , , , . which w e could separate but not purify, was active with oxygenase PsbA, , , , and Psbh-,. Oxygenase P s b A , , , was shown by electron paramagnetic resonance spectroscopy to contain a Rieske [2Fe-2S] centre. The enzyme system oxygenating terephthalate was examined and the oxygenasc component purified and characterized. The oxygenase component in strains T-2 (and mutant TER-I) and PSB-4 were indistinguishable. The reductase component, which w e separated but failed to purify, was active with the oxygenase from all strains. Gains and losses of blocks of genes in evolution is discussed.
INTRODUCTION
The degradation of p-toluenesulfonate and p-toluenecarboxylate 0-toluate) to prorocatechuate in Comamanas testusteropli 'T-2 proceeds via p-sulfobenzoate and terephthalate, respectively (Fig. 1) . Most of the enzymes have been purified (Locher etal., 1991a, b, c; Saller eta/., 1995; Schlafli e t al., 1934) , the physiology of their regulation examined (Schlafli Oppenberg e t al., 1995) and the genes encoding the toluenesulfonate monooxygenase system sequenced (F. Junker & R. Kiewitz, unpublished) .
The degradative pathway(s) for toluenesulfonate and toluenecarboxylate in strain T-2 is unusual in that, in addition to the characteristic convergence (e.g. Fewson, 1981; Stanier & Omston, 1973) A third organism became available to us from work with strain T-2 in a chemostat. A. J, Tien & T. Egli (EAWAG, Switzerland, personal communication) obtained a mutant which metabolized neither toluenesulfonate nor sulfobenzoate, but retained the ability to utilize terephthalate, and we termed the mutant TER-1. We wanted to ascevtain whether deletion or regulatory mutants were involved.
We now confirm that strain PSB-4 lacks the genes (tsaMB) for the TsaMR system and that there is high similarity between the PsbXC systems found in strains T-2 and PSB-4, and that there is high similarity among the components of terephthalate dioxygenase (TerZaDR) in all organisms tested. Mutant TER-1 seems to have arisen by deletion of genetic material. Schlafli e t a/., 1994, 1995; Schlafli Oppenberg e t a '., 1995) . Materials and apparatus for the purification and characterization of proteins are described elsewhere (Locher et al., 1991a; Schlafli e t al., 1994) .
METHODS
Organisms, growth and the preparation of cell-free extracts.
C. testosteroni PSB-4 and C. testosteroni T-2 (DSM 6577) were isolated by Thurnheer e t d. (1986) and identified by Busse e t d. Cultures were harvested a t mid-exponential growth phase (about 160 mg protein l-'), and the cell pellets frozen at -20 "C or used immediately. Cell suspensions were disrupted in a French pressure cell and the supernatant fluid after centrifugation was used for the experiments (Locher et at., 1991a; Schlafli cf al., 1994) .
Analytical methods. Oxygenase system PsbAC or oxygenase system TerZaPR was assayed as substrate-dependent oxygen uptake in a Clark-type oxygen electrode (Locher e t a/., 1991a; Schlafli e t al., 1994). NADH reductase activity was assayed photometrically as NADH-dependent reduction of dichlorophenolindophenol (DCPIP) or cytochrome c {Locher et a/., 1991a). TsaC was assayed photometrically as the NADHdependent reduction of catboxy benzaldehpde, and sulfobenzaldehyde dehydrogenase (TsaD) was assayed as the N ADdependent oxidation of carboxybenzaldehyde (Locher et al., 199lc) . Products of enzyme reactions were identified (cochromatography) and quantified by reversed-phase HP1.C at room temperature (Locher et al., 1991a, c; Schlafli et a/., 1994) . UV spectra of separated reaction products were determined in a diode-array detector (Locher et a/., 1991a) . SDS-PAGE was used to determine Adr values of proteins under denaturing conditions and to rnrmitor protein purifications. Proteins in gels were visualized by staining with Coomassie brilliant blue (Laemmli, 1970) or with silver nitrate (Bloom et ul., 1987) . Proteins separated by SDS-PAGE were sometimes electroblotted onto nitrocellulose membranes (Schlafli Oppenberg e t al,, 1995) . Affinity-purified antisera raised against oxygenase component PsbA, of oxygenase system PsbAC, 2y against component TsaB of oxygenase system TsaMB, and against oxygenase subunit TerZa ofoxygcnase system TerZolpR, were used to detect cross-reacting proteins from C. tesbosteroni PSB-4 in blotted extracts and in fractions of purified enzymes (Schlafli , 1995) . Reductase TsaB was prepared as described elsewhere (Locher etal., 1991a) . Protein concentration was measured by the method of Bradford (1976) with bovine serum albumin as standard. Growth was assayed as OD,5,, (an OD546 of 1.0 represented 200 rng protein 1-'). The N-terminal amino acid sequences were determined as described elsewhere (Schlafli et a/., 1994) . EPR spectra of a component (about 2 mg in 0.3 rnl) at X band were recorded with an EPR 300 instrument (Bruker) at 10 K as described elsewhere (Riester e t a]., 1989).
PCR-analysis of tsaMB and Southern blot hybridization. PCR reactions with total DNA of strain "-2, PSB-4 and TER-1 were done to assay for the presence of t.rahfB genes encoding TsaMB (F, Junker & R. Kiewitz, unpublished). Total DNA from 100 ml batch cultures (200 mg protein 1-') of all three strains was prepared by the cety1trimethylammonium bromjde precipitation method (Ausubel et a/., 1987) . The PCR mixture (50 pl) contained 10 ng DNA, 200 pM each dM"I', 50 pmol each primer, 5 p1 DMSO and 0-25 units SuperTaq (Stehelin 81 Cie) in the buffer supplied by the manufacturer. The PCR conditions were : 95 "C for 5 min, 45 "C for 30 s, 72 "C for 10 sI 94 'C for 30 s. The last three steps were repeated 30 rimes. The following primers (F. Junker & K. Kiewitz, unpublished) were used: 5' AAAAATCTTGAGCCAGGT 3' (sense strand of tsuAt) and 5' TTGAGCTTTTCC TGAATC 3' (antisense strand of tsaA). The size of the expected product is 386 bp. The PCR product or total DNA digested with P s f was separated on a 1.4% agarose gel, The DNA was blotted on to a Hybond-N nylon membrane (Amersharn International) and hybridized with 5' end-labelled y[32P]dilTP oligonucleotide probes (primers for tsaM and tsa8 used for PCR reaction) (Ausubel e t a/., 1987). Purification of oxygenase system PsbAC from strain PSBQ or T-2. Oxygenase system PsbAC,,, or PsbAC, was purified from sulfobenzoate-grown cel Is. Crude extracts free of nucleic acids were chromatographed on an anion-exchange column (Mono Q HR) as described for oxygenase system PsbAC,., (Locher et d.? 1931~) except rhat a smaller column was used (10 x I00 mm). The oxygenase component was then purified by hydrophobic interaction chromatography {Locher e t a/., 1991a).
Purification of the oxygenase component TcrZap from strain PSB4, T-2 or mutant TER-I. Oxygenase component TerZocj?', , , .4, TerZa& or TerZ@T, , . , was purified from terephthalate-grown cells as described elsewhere (Schlaffi Oppenberg e t al., 1095).
RESULTS

Growth and enzyme activities
We confirmed that strain PSB-4 utilized sulfobenzoate but not toluenesulfonate as a sole source of carbon and energy for growth (cf. Thurnheer e t a/., 1986), and observed that terephthalate but not toluenccarboxylate was utilized. In mutant TER-1, terephthalate was utilized as sole source of carbon and energy for growth, but toluenesulfonate, toluenecarboxylate and sulfobenzoate were not. Growth of strains PSB-4 and TER-1 in 10 mM succinate salts medium did not lead to significant synthesis of toluenesulfonate, sulfobenzoate or terephthalate oxygenating enzymes, whereas a basal level of the protocatechuate 4,5dioxygenase (PcaP) was observed in strains PSB-4 and T-2 (Table 1 ). Inducible oxygenation of sulfobenzoate and of protocatechuate or of terephthalate and protocatechuate was detected in strain PSB-4 (Table 1) Kiewitz, unpublished) encoding TsaMB in T-2, PSB-4 and TER-1 was checked for by PCR ( Fig. 2a ). A product of the expected size, 386 bp, was observed in strain T-2 only. In addition, total DNA from each of the three strains was digested with PstI and analysed by Southern blot hybridizations. The oligonucleotides used for PCR were now used as probes, and each gave a signal at 2 kb (as did the PCR product) for T-2 only (Fig. 2b ). We thus concluded that no gene encoding the oxygenation or subsequent oxidation of toluenesulfonate to sulfobenzoate (regulatory unit K1 in strain T-2; Fig. 1 ) is present in strain PSB-4 or in mutant TER-1.
The failure of mutant TER-1 to utilize sulfobenzoate might not mean loss of genes encoding a putative oxygenase system, PsbAC,,, but may reflect solely the lack of reductase component TsaB, which is needed for activity of oxygennse system PsbAC in the parent strain T-2 (see Introduction). However, the largely constitutive synthesis of oxygenase component PsbA, 2, which was readily visualized on SDS-PAGE gels (Schlafli Oppenberg e t al., 1995; visible in Fig. 4a, lane 1 $ Data from SchlaAi Oppenberg e t a/. (1995) . The specific activity of p-sulfobenzoate-and NADHdependent oxygen uptake in crude extract of strain PSB-4 was directly proportional to the protein concentration (not shown), which was preliminary evidence for a multicomponent enzyme system (cf. Locher e t a/., 1991a), presumably analogous to oxygenase system PsbAC,.,. \TC!hen proteins in this extract were separated by anionexchange chromatography, no single fraction catalgsed the reaction, but the combination of two sets of fractions -.
.~~~ _-(C and A, Fig. 3 ) was active and this activity was increased by the addition of Fe2+. The organic product from sulfobenzoate was protocatechuate, which was identified by co-chromatography with authentic material and by its UV spectrum {cfa Locher eta/,, 1989) . We recovered 1 mol protocatechuate (mol sulfobenzoate)-l in a reaction which consumed 1 mol 0, and 1 rnol NADH. The reaction catalysed is thus: p-sulfobenzoate + N ADH + H + 0, -P protocatechuate + NADf + HSO, and we presumed we were working with the PsbhC system from strain PSB-4, which we termed PsbhC,,,.,, to distinguish it from the corresponding enzyme system in strain T-2, PsbAC,-,.
We concluded that fractions C {Fig. 3) represented the reductase component (termed reductase PsbC,,,.,), because these fractions contained a NADH-cytochrome c reductase [and a NADH-2,6-DCPIP reductase] as observed with reductase PsbC,., (Locher et a/, , 199la $ Position in the gradient [mM (NH,),SO,] where the enzyme eluted.
that was independent of the protein concentration.
Reductase PsbC,,,_, reduced the oxygenases Ps bA,,,_, (see below) and PsbAT.2, but not oxygenase TsaM. We did not examine the protein further because its activity was lost on hydrophobic interaction chromatography. Reductase PsbC had no immunological cross-reaction with the alternative electron donor to oxygenase PsbA, reductase TsaB (Fig. 4a, c 
, lanes 1 and 2 with control lane
We concluded that the red-coloured fractions A {Fig. 3) represented the oxygenase (termed oxygenase PsbA,,,-,). Proteins from fractions A were further separated by hydrophobic interaction chromatography, to yield an active protein of at least 90 % purity (Fig. 4a, lane 3) . The identical Adr values for the axygcnase components Psbh,,, and PsbA, [Fig. 4a , compare lanes 1 and 4 (from strain T-2) with lanes 2 and 31, led us to examine the immunological cross-reactivity af the two proteins (Fig.  4b) . The two proteins were indistinguishable on the basis of the nine characteristics we tested (Table 2, interactions   with reductase TsaB and with reductase PsbC,,, and UV-visible spectrum; cf. Locher e t al., 1991a).
The CV-visible spectrum of oxygenase PsbAT was assumed to represent a Rieske [2Fe-2S] centre (Locher et al., 1991a) . We have confirmed this conclusion with oxygenase components TerZaP and TsaM [ Schlafli e t al., 1994; F. Junker & R. Kiewitz, unpublished 
41.
The similarity of oxygenase components PsbApSB.p and PsbA,-, led us to compare oxygenase system TerZC@RT-, with the terephthalate-oxidizing activity in strain PSB-4 and in mutant TER-1. The reaction catalysed by extracts from each of these organisms was :
terephthalate + NADH + H+ + 0, + terephthalatediene-diol + NAD' so we knew that each organism expressed a dioxygenase reaction analogous to that in strain T-2 [Schlafli e t al., 1494) . This was explored immunologically with strain PSB-4 ( Fig. 5 ) . A control experiment with extract from strain "-2 (Fig. 5a, lane 5) under conditions which caused expression of oxygenase TerZ@R,-, a t low levels {Table 1, line 1) shows the major bands from axygenase PsbA, oxygenase TsaM and reductase TsaB and a minor band for oxygenase TerZcc close to an unrelated protein. The corresponding 'IXiestern blot (Fig. 5b) shows this single relatively weak band of TerZctT-2. A strong protein band of the same Mr, especially in cells grown with terephthalate, is seen in extracts from strain PSB-4 ( Fig. 5a,  lanes 3 and 4) and the cross-reactivity with the specific antibody is seen in Fig. 5b . Oxygenase component TerZa,,,-, is absent from succinate-grown cells (Fig. 5 b, lane 1) but partially induced in sulfobenzoate-grown cells (Fig. 5b, lane 2) . Similar experiments with strain TER-1 showed the presence of inducible TerZajlT,,-,; no evidence for the occurrence of oxygenase system Tsah4B or of oxygenase PsbA (cf. Fig. 4) Proteins from each organism were then separated by anion exchange chromatography, which is a one-step purification of the oxygenase component, TerZa&-, (Schlafli e t d., 1994) . The characteristics of oxygenase component TerZzP from strain PSB-4 and mutant TER-1 were identical with those from strain T-2 (Table 2) . We were unable to purify reductase component TerR {as with strain T-2), but the preliminary data (Table 2j indicate close similarity, and each reductase was active with each oxygenase TerZxp.
We knew of the taxonomic similarity of our strains of C. testosiermi, T-2 and PSB-4 (Busse e t a/., 1992) and of the similarity in their degradative characteristics (Thurnheer etal., 1986) . Indeed, the larter similarity has been shown tu be identity (e.g. Table 21 , where tested. We were previously unable to define the difference in metabolism between the strains, represented by the enzymes of regulatory unit R1 (Fig. 1) . These enzi.mes, monooxygenase system TsaMB and two dehydrogenases TsaCD, could not be detected by assays of actis-ity in strain PSR-4, and immunological studies (Fig. 4b, c> showed that neither ox) genase component (TsahlB) was present. Lye could explain this absence thoroughly, however, only with a genetic method (Fig. 2) which could confirm the absence of the appropriate structural genes, and eliminate the case for solely regulatory effects.
B/e have found tsdW3C to be contiguous (F. Junker t k R.
Kiewitz, unpublished) so we presume that the genes in regulatory unit R1 (Fig. 1) are part of an operon. We presume that the whole regulatory unit R1 is absent from strain PSB-4, because neither dehydragenasc (TsaCD) is detected (Table l ) , iXe also conclude that mutant TER-2, derived from strain T-2, was generated by a spontaneous deletion of regulatory unit R1 (Fig. 2> , and nut by a mutation in regulation. It is less easy to establish the fate of the genes cncoding oxygenase system PsbAC (regulatory unit R3) during the generation of mutant TER-1 because we have no satisfactory gene probe. Our data (analogous to Figs 4 and 5) show that no putative PsbATER-, is expressed in our experiments. We postulate deletion of regulator): unit R3 concomitant with the deletion of operon R1, but we cannot exclude the possibility of altered regulation resulting in a cryptic p s b A . Regulatory units R2 (tercphthalare to protocatechuate) and R4 {ring cleavage), in contrast, appear to be unaffected by the mutation (Table I) , as judged by the identity of oxygenase system TerZcxljrR in parent and mutant (Table 2 ) and by the similarities in induction patterns and enzyme levels in parent and mutant (Table   Regulatory unit R2 in strains T-2 and PSB-4 encodes identical proteins (oxygenase system TerZcxDR, Table 21 , within the limits of our data, and shows the same pattern of induction (Table 1) . Regulatory unit R3, in contrast, while representing one enzyme activity (oxygenase system PsbhC) in strains T-2 and PSB-4, is subject to different regulation in these organisms. Whereas oxygenase PsbA,-, is usually expressed constitutively (Saller ti a/., Schlafli Oppenberg etal., 1995) and operon R1 must be expressed at a low level to enable oxygenase PsbA,-, to function as an osygenase system by supplying reductase TsaR (Schlafli Oppenberg e t a/., 1995), oxygenase PsbA,,,-, is strictly inducible (Fig. 5a, lanes 1 and 2j as , 1994) . Reductase PsbC,,,-,, transfers electrons to oxygenase Psbh, independent of the source of PsbA, but there is no transfer from reductase PsbC to oxygenase TsaM or to oxygenase T e r Z a~. Solely reductase TsaB can transfer electrons to a heterologous oxygenase (albeit in the same subclass, IA), oxygenase Psbh. Functional hybrid dinxygenases are known in the literature (Furukawa e t al., 1993; Harayama et al., 1992) . The class IIB reductase components BphA4 and TodA (involved in the dioxygenation of biphenyl (bpb operon) and toluene (tod operon) form active enzymes with the additional components of the other oxygenase (Tod and Bph, respectively) (Furukawa ef a/., 1993; Hirose et al., 1934) . The reductase components (HphA4 and T o d h ) have 60 % sequence identity. The sequenced reductases in subclass IA have about 40% identity (Nakatsu e t ad., 1995; F.
Junker & R. Kiewitz, unpublished) , so we wonder whether hybrid enzymes can be formed and whether reductases TsaB and PsbC have a higher similarity than 40%. More experiments are needed to explore these effects, which involve the sites of interaction and electron transfer between proteins.
The utilization of tcrephthalate is widespread in C. testosteroni (Willems e t a/., 2991) and we have concluded that terephthalate is a natural product (Schlafli e t al., 1994) , so presumabky it is not unusual that the strains T-2 and PSB-4 have a common oxygenase system, TerZaPR.
We used to presume that the degradation of sulfobenzoate was more recent, given that only one naturally occurring aromatic sulfonate of low molecular mass was known (Bentley & Holliman, 1970) . Now it is clear that a natural sulfonated polymer (humic acid) is widespread (van Loon e t al., 1993) and likely, based on its low pK value, to contain sulfonated benzene rings, so it is possible that the degradation of sulfobenzoate is also ancient. The identity of the oxygenase PsbA proteins in strains T-2 and PSB-4 makes it unlikely that they evolved independently. Some testable hypotheses can thus be made. (i) Strain PSB-4 is a deletion mutant of strain T-2 (lacking a functional sidechain oxidation) ; two-dimensional protein gels might answer this suggestion. (ii) Strain T-2 evolved from strain PSB-4 by the recruitment of side-chain oxidation, the high G+C content (70%) (F. Junker & R. Kiewitz, un-published} of tsaMB (encoding TsaMB) compared with the G + C content (62 %) of C. testosiermi chromosomal DNA (Busse et al., 1992) would support this hypothesis.
(iii) Pre-strain T-2 (toluenecarboxylate', toluenesulfonate-) acquired oxygenase system PsbAC from strain PSB-4; this would be difficult to distinguish from (i). (iv) Both strains acquired oxygenase system Psb AC independently from a third strain.
The regulatory units postulated to be involved in the degradation of toluenesulfonate and toluenecarboxylate (Schlafli Oppenberg e t al., 1935) are found in three different combinations in the strains or mutant we have studied here. This surely implies high genetic flexibility in these organisms, and many subgroup IA oxygenases are appropriately plasmid-encoded (e.g. Nakatsu ed a/., 1935). We are now exploring this possibility in strain T-2.
